Ultrafast laser-induced melting of metals has been studied theoretically in the past by computer simulation and many aspects are by now well understood. [1] [2] [3] [4] [5] [6] Such studies consider the action of a visible-light (VIS) or ultraviolet (UV) laser, which conveys the photon energy to the conduction electrons of the metal. Electron-phonon coupling then equilibrates the energy with the lattice, which is heated and melts. Aspects such as the superheating of the lattice, the nucleation of the liquid phase, or the influence of pre-existing lattice defects, for example, grain boundaries, have been studied.
Apart from this 'conventional' energy transfer via the conduction electron gas, another route of heating the lattice was detected in several materials; the accompanying melting process was termed non-thermal melting, as lattice disordering and melting occur so quickly-on the timescale of several 100 fs-that the lattice is not in (local) thermodynamic equilibrium. The process operates via the changed interactions that lattice atoms experience as a consequence of the laser-excited electrons. It has first been found in covalently bonded materials *Corresponding author. Email: urbassek@rhrk.uni-kl.de crystallizing in the diamond structure such as C or Si [7] [8] [9] [10] and, more recently, also in a wider class of semiconducting and semimetallic materials, for example, in InP [11] and Bi. [12] On the microscopic scale, nonthermal melting can be distinguished from conventional melting by fractionally diffusive atomic pathways. [13] In the present paper, we inquire how laser-induced changes of the interatomic interaction potential of a simple metal, Al, influence the melting process. VIS or UV lasers will not be able to induce such changes. [14] However, extreme ultraviolet (XUV) pulses with an energy of 75 eV are able to selectively excite 2p core holes in Al atoms. We study their effect on the subsequent lattice dynamics.
We assume the laser pulse to have a Gaussian time distribution with maximum at time t 0 = 0 and width σ ,
Here E 0 is the total energy absorbed by the electrons per unit volume. Due to the large penetration depth of 75 eV photons of around 50 nm, [15] we assume the excitation to occur homogeneously in our Al slab. We choose here E 0 = 0.0214, 0.0428, and 0.0856 eV/Å 3 ; since the atomic volume of Al is = 16.39 Å 3 , the lowest energy is equivalent to an energy density of = 0.35 eV/atom. This is around the melting threshold of Al. [16, 17] XUV laser pulse widths of σ = 4, 40, and 400 fs will be considered.
The laser is assumed to excite Al atoms from their ground state to an excited state Al 2p , where a hole in the 2p level has been created. Since the excitation energy is 73.1 eV, [18] the concentration of excited atoms corresponding to the energy density E 0 amounts to p = 0.45%.
The lifetime of the 2p hole equals roughly 40 fs. [19, 20] De-excitation occurs mainly via Auger decays, since radiative processes are too slow. [19] We assume that the excitation energy of the 2p hole, 73.1 eV, is put into the conduction band after de-excitation.
As indicated earlier, in our simulations, excited Al atoms, Al 2p , are diluted in the specimen. It is therefore reasonable to assume that they only interact with ground-state Al atoms, Al 0 . The interaction is calculated using the all-electron full-potential linearized augmented plane-wave code WIEN2k [21] 1 : inside a supercell with side lengths 2a × 2a × 2a, where a is the lattice parameter of Al, we create a core hole by removing a 2p 3/2 electron from one Al atom. This electron is added to the conduction band in order to maintain charge neutrality. [22, 23] In Figure 1 , which shows part of our supercell, the thus excited atom has been colored red. One of the nearest neighbors is then displaced along the line connecting it with the excited atom, as indicated by a purple arrow. The total energy is compared to the total energy of the same supercell with no core hole as a function of the interatomic distance between the two aforementioned atoms. Following our discussion about the nature of many-body interactions in Al below, we assume that the dilute excitation of core holes in Al mostly affects the pair interaction between the excited atom and its nearest neighbors. Neglecting other effects, our computed energy equals the change in the pair potential V(r) between an excited and a ground-state atom. Our result is plotted in Figure 1 . We see that it gives an attractive contribution to the interatomic forces; that is, excited atoms attempt to create lattices with smaller lattice constant. Beyond 3 Å it decreases slightly by 0.02 eV. We believe that this small decrease is due to a slightly incomplete screening within our 32-atom supercell. As shown in Figure 1 , we have not included this change in V for r > 3.0 Å in our fit. Figure 2 demonstrates schematically how the excitation of a core hole leads to lattice heating. The potential curves are provided for the so-called effective potentials (see Equation (5)). An initially cold atom moves from the ground-state potential to the excited-state potential The potentials plotted are the effective potentials, Equation (5), for Al 0 -Al 0 (ground state) and Al 0 -Al 2p (excited state). Both transitions are idealized to occur at the respective potential minima; in our simulations, the de-excitation process will occur from a position that may vary for each individual event, due both to thermal motion and to the individual excitation lifetime.
and now feels an attractive force. While moving toward its new equilibrium position, it acquires kinetic energy which will ultimately lead to thermal heating of the lattice. After the lifetime of the excitation, the potential changes back to the ground-state curve; for simplicity, in the figure we assume this to happen at the minimum of the excited potential surface. Thereafter, the atom will move back toward its equilibrium position, again acquiring kinetic energy which eventually heats the lattice. We employ a molecular dynamics (MD) scheme coupled to the two-temperature model (TTM) to describe the time evolution of the Al thin film; the coupled code is available. [24] We choose an Al crystal with a (100) surface as the target material. The simulation crystallite consists of 131,072 atoms, arranged in 64 monolayers (d = 13 nm). The lateral size amounts to 164 nm 2 , arranged in 64 × 64 monolayers. We employ lateral periodic boundary conditions on the sides of the crystal, while the top and bottom surfaces are left free. A many-body interaction potential of the embeddedatom-model (EAM) type is employed for Al [25] with cutoff radius R c = 5.558 Å. This state-of-the-art potential reproduces the melting properties of Al, such as the melting temperature and the latent heat of melting within 3%. [25] In EAM potentials, the energy of an atom i is composed of the pair interaction V(r ij ) depending on the distance r ij of atom i and its neighbors j and a many-body term F(ρ i ), [26, 27] 
Here the electron density at site i, ρ i , enters as the sum of contributions of all neighboring atoms, ρ i = j g(r ij ). In our system, this expression describes the interaction between ground-state atoms Al 0 ; the functions V, F, and g are provided in [25] . In our approach, the mixture of Al 2p and Al 0 atoms is described by keeping the many-body terms F and g unchanged; however, the pair potential is modified to V(r ij ) + V(r ij ) in the interaction of an Al 2p atom i and an Al 0 atom j (or vice versa).
For small changes in the system, the many-body EAM potential may be approximated by an effective pair potential, V eff (r). [26, 28] This can be shown as follows.
The energy E i , Equation (2), does not change under the transformatioñ
with constant c. Now let ρ 0 denote the value of the electron density at a ground-state Al 0 atom in the equilibrium lattice and choose c = F (ρ 0 ). Then, a Taylor expansion of F(ρ) around ρ 0 shows that
up to terms of third or higher order in ρ − ρ 0 . Thus, small changes in the electron density ρ around the equilibrium value will not influence E i nor the atom dynamics in this representation. The pertinent pair potential V(r) gives then the effective pair potential
This argument shows that for small changes in the EAM system, the dynamics can be described by an effective pair potential; this fact justifies our assumption that dilute excitations in Al can be described by a change in the pair potential. The corresponding effective potential for a dilute Al 2p surrounded by Al 0 is then V eff (r) + V(r); both effective potentials are plotted in Figure 2 .
The excitation of Al atoms is treated as a random process: we excite Al atoms in the slab with a timedependent probability distribution proportional to the laser profile (Equation (1)). While excited, the interaction of Al 2p atoms to ground state Al 0 atoms is governed by a different interaction (Figure 1 ). De-excitation occurs randomly with an exponentially distributed individual lifetime around a mean lifetime of 40 fs. Then, the interaction switches back to the ordinary Al 0 -Al 0 interaction, while the energy of 73.1 eV is given to the electronic system.
The TTM, which has been introduced more than 30 years ago for describing electron emission from metals, [29] is commonly used to characterize the energy transfer between the electronic system and the lattice. In this model, the electron and atomic temperatures are connected by a coupling factor that controls the electron-phonon relaxation time. In our case, where an ultrathin Al film is considered, the electron temperature swiftly homogenizes due to the fast electron diffusion. The electron temperature T e is calculated from
where C e denotes the electronic heat capacity and G the coupling factor.S(t) is the source term. In contrast to VIS or UV laser excitations, where the source simply equals the laser profile, Equation (1), in our case,S(t) equals a sum of Dirac delta functions, (73.1 eV) · δ(t − t ), with t the times when Al 2p core holes decay. The electronic heat capacity and the coupling depend on the electron temperature as described in [30] . T a denotes the average atom temperature in the sample.
Atom dynamics is calculated by MD. We characterize the state of the system using the local temperature T a,i of atom i. It is determined as an average over all N i atoms in a sphere (volume V c ) of radius R c , equal to the cutoff radius of the potential, around atom i [5, 31] :
where m is the atom mass, k is the Boltzmann constant, j enumerates the atoms in V c , v j is their velocity, and V i is the average velocity of all atoms within this sphere. Electronic energy is given to the atoms by scaling the thermal velocities of the atoms at every MD time step. That is, energy is given only as thermal energy to the atoms. The energy input to atom i, E i , is calculated from the temperature difference of the atomic and electronic system at the corresponding time step t,
The simulations are started with a system equilibrated at 300 K at a time of t = −5 (−7) ps for σ = 40 (400) fs. At this time, the TTM solver is inserted after every MD computation step and solves Equation (6), providing the change of electron temperatures for the next MD time step. Details are provided in [17] . The atom trajectories are followed up to time t = 20 ps.
In Figure 3 , we compare how the electronic and atomic temperatures evolve as a function of time after irradiation. The high initial electron temperature of 7744 K decreases within around 5 ps to its equilibrium value of 1042 K. Simultaneously the atom temperature T a increases and reaches a maximum after around 2 ps. Thereafter, temperature slightly decreases due to the global adiabatic film expansion and the latent heat of the melting process.
Since the long-time thermodynamics in the films is identical for the two pulses studied (Figure 3) , we show as an example atomistic snapshots of the dynamics in the melting film for the σ = 400 fs laser pulse (Figure 4 ).
The atoms have been colored according to the localorder parameter, which describes whether the structure is crystalline or molten. It is calculated according to [1, 2, 32] . In short, we define the local-order parameter η i of atom i as
where Z is the number of first-and second-nearest neighbors. The six wave vectors q k are characteristic of the fcc structure and are chosen such that exp(iq k · r ij ) = 1 for all vectors r ij connecting an atom i to its first-or second-nearest neighbors j in the perfect fcc lattice. The (global)-order parameter η is then the average over the local-order parameters of all atoms in the system. Values larger than a threshold value-here taken as 0.05-indicate a crystal, and smaller values a liquid. It is seen that at 2 ps the aluminum film still has maintained a high degree of crystallinity. Melting then starts from the surface and moves inward. Since the excitation was chosen such that the film is just about to melt, we see that even at 5 ps a small part of the film still has retained some order in the center of the film. We note that the fact that melting starts from the surface (as inhomogeneous melting) is in agreement with previous studies of ultrafast laser-induced melting. [3, 17] We explore the effect of a higher excitation density in Figure 5 . In addition to the case of a concentration of core holes of p = 0.45% considered up to now, we now also use values of p = 0.90 and 1.80%. Correspondingly also the energy density increases from = 0.35 to 0.70 and 1.40 eV/atom, moving far above the melting threshold. A laser pulse width of only 4 fs was used in order to separate the excitation and de-excitation of the core holes clearly in time from the lattice dynamics. We see that due to higher excitation density melting occurs faster-the melting time decreases from 4 over 2 to 1 ps. This effect has been observed previously in simulations of ultrashort-pulse melting of Cu thin films. [5] In order to understand in more detail the action of the lattice heating by core holes, we first discuss with the help of Figure 2 the size of the energy transfer to the lattice that is to be expected due to the sudden potential changes; note that the numbers provided are valid for the effective potentials described earlier (Equation (5)). Initially atoms are on the ground-state potential and have equilibrium distances of 2.90 Å. After the sudden excitation they move toward the new equilibrium value of 2.87 Å, delivering a maximum of 0.7 meV to thermal energy. Let us assume that the atoms are deexcited when they are in their new equilibrium location; after returning to the ground-state potential surface they deliver 0.92 meV. The total energy transfer to the lattice amounts to 1.62 meV per bond; this adds up to 19.4 meV when taking into account that each Al 2p atom has 12 Al 0 nearest neighbors. The actual situation is more complex, since the exact position from which atoms are de-excited is not fixed, due both to thermal motion and to the individual excitation lifetime; so the above numbers are upper estimates.
In order to quantitatively assess the lattice heating by core holes, we performed a model simulation in which we suppress artificially the heating of the electron gas by setting the electron-phonon coupling G = 0 in Equation (6) . Thus, the only action of the excitation of the core electrons is via the changed interatomic potential V (Figure 1 ). Figure 6 shows the temperature gain in the lattice due to the excitation and deexcitation processes. In order to emphasize the effect, we increased the concentration of excited atoms in the target up to 10%; in addition, we used deterministic lifetimes in order to clearly separate the effects of excitation and de-excitation. The small temperature increase before the start of the laser pulse is due to incomplete target relaxation.
Results are displayed for the actual lifetime of 2p holes of τ = 40 fs. For demonstration purposes, the simulation was also performed for an artificially increased lifetime of τ = 400 fs-larger than the Debye time of the solid. This separates the excitation process (during the laser pulse, at 0 ps) and the de-excitation process (at 0.4 ps). The figure shows that both processes add to target heating due to the potential switching. For the natural lifetime, the effects of excitation and de-excitation overlap; the combined effect is smaller than for the 400 fs demonstration case, since atoms are already de-excited while they are still in the vicinity of their original position and have not gained much kinetic energy. The time scale of the effect is 100 fs-around the Debye time. We conclude that for a concentration of p = 10% of excited atoms, the energy transfer to the lattice corresponds to 10 K, or equivalently to roughly 1 meV per atom in the lattice. This means each Al 2p contributed about 10 meV during excitation and deexcitation to lattice heating, in good agreement with the discussion above.
We study the melting of Al induced by a short-pulse excitation of 2p core-hole states. Our model includes both the heating of the lattice by conduction electrons (electron-phonon coupling) and the heating induced by the changed potential energy surfaces of ground-state and excited Al atoms.
We find that for the specific case of Al the melting dynamics is dominated by classical electron-phonon dynamics. The effects of the changed potential surface for XUV-excited Al atoms are minor. We note that this study is to the best of our knowledge the first of its kind and that the influence of dilute excitation of core holes in other materials is unknown.
The lattice heating induced by the changed potential surface for excited Al atoms occurs on the time scale of 100 fs, corresponding to the Debye time of the lattice. We expect that the effect can be amplified by using temporally structured laser pulses, such as double-peak
